Effect of STATCOM – ES on Distance Relay Operation in a Series Compensated System  by Rao, H.V. Gururaja et al.
 Procedia Technology  21 ( 2015 )  196 – 203 
Available online at www.sciencedirect.com
ScienceDirect
2212-0173 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Amrita School of Engineering, Amrita Vishwa Vidyapeetham University
doi: 10.1016/j.protcy.2015.10.088 
*Corresponding author: Tel.: 9480289614  
   E-mail address:gururaj.rao@manipal.edu 
SMART GRID Technologies, August 6-8, 2015 
Effect of STATCOM – ES on Distance Relay Operation in a Series 
Compensated System  
H.V.Gururaja Raoa*, Dr.Nagesh Prabhub, R.C.Malaa 
aDepatrtment of Electrical and Electronics Engineering, MIT, Manipal-576104, India  
bDepatrtment of Electrical and Electronics, NMAMIT, Nitte - 574110, India 
Abstract 
Flexible AC transmission systems or FACTS help in a big way to realize a smart grid, which can be used by utilities to 
reconfigure power flows in real time, maximizing throughput and minimizing losses. It will also facilitate incorporating wind, 
solar, and other intrinsically intermittent sources of energy into the grid. A static synchronous compensator equipped with energy 
storage (STATCOM - ES) can provide two degrees of freedom to inject both real and reactive current into the bus. This paper 
aims at developing the DQ model of a series compensated system which also incorporates a static synchronous compensator with 
energy storage and analyzing its effect on the operation of distance relay. The emulated conductance and susceptance by 
STATCOM - ES under various operating conditions is determined and its’ effect on impedance at the generator terminals is 
investigated. Effect of real and reactive power exchange by STATCOM – ES on the measured impedance and operation of 
distance relay is analyzed. 
© 2015Published by Elsevier Ltd. 
Peer-review under responsibility of Amrita School of Engineering, Amrita VishwaVidyapeethamUniversity. 
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1. Introduction 
High speed power Electronics will make smart grid smarter. Most of the countries now incorporate FACTS to 
maximize the power carried by every single new transmission line they install, thus minimizing the cost of grid 
expansion. [1]. VSC based FACTS controllers provide additional benefits over variable impedance type FACTS 
controllers like, small footprint, better performance even under low voltage conditions, modular design and hence 
re- locatable[2- 4]. 
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VSC based FACTS controllers also allow real power exchange with the system by connecting energy storage 
devices like battery, fuel cell, SMES etc. on the DC bus. A long transmission line usually requires both series as 
well as shunt compensation. This can be realized through series passive compensation provided by a capacitor and 
shunt active compensation provided by STATCOM. Addition of energy storage device to the DC side of 
STATCOM facilitates simultaneous real and reactive current injection, which is a very attractive feature in power 
flow control, transient stability improvement and power oscillation damping [5]. Steady state characteristics of 
STATCOM with and without energy storage are compared in [5]. In [6], steady state characteristics of SSSC with 
and without energy storage are compared. Design details of power oscillation damping controller for STATCOM 
equipped with energy storage is discussed in [7]. Damping torque and Sub synchronous resonance analysis of 
system with various FACTS controllers is reported in [8-12]. However in these analyses, effect of energy storage 
element at the DC bus of FACTS device is not considered. Long transmission lines are usually protected by distance 
relay units. Operation of distance relay is based on the measured impedance or admittance from the relay point to 
the fault location. Effect of various FACTS controllers on distance protection of transmission lines is discussed in 
[13 – 15]. Effect of energy storage device with FACTS controllers onmeasured impedance by distance relay under 
various operating conditions of FACTS controllers is not reported. While drawing or supplying real power to the 
connected network, emulated impedance by STATCOM - ES may be different; this can affect the system stability 
and also the measured impedance or admittance by a distance relay. It is therefore necessary to investigate the effect 
of series compensated system with STATCOM – ES on the distance relay operation. In this paper D- Q model is 
developed for the performance analysis of series compensated system with STATCOM – ES at the electrical centre 
of the line. Emulated conductance and susceptance of STATCOM -ES are used to analyse the performance.  
       The paper is organized as follows: Mathematical modelling of STATCOM- ES in the D-Q frame of reference 
and modelling details of electrical system considered are described in section 2. Section 3 explains different 
controllers for STATCOM – ES.Concepts of emulated conductance and susceptance of STATCOM- ES are 
explained in Section 4. Section 5 deals with the results and discussion on the simulation and analysis of various case 
studies. Conclusions drawn on the behaviour of the system with STATCOM - ES based on case studies are given in 
Section 6. 
2. Mathematical Modelling 
2.1 Electrical System 
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Fig. 1. Electrical System with STATCOM – ES 
The electrical system consists of a single machine connected to infinite bus through a series compensated line with 
STATCOM - ES at the electrical centre as shown in Fig.1.The generator terminal voltage isסɅ , סɅ  is the 
STATCOM bus voltage and the voltage at the infinite bus isסͲ. Rt and Xt are the transformer resistance and 
reactance respectively. Rl and Xl are the transmission line resistance and reactance respectively (Shown as R1, X1 
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and R2, X2). Xc is the reactance of series capacitor. RS and XS respectively are the resistance and reactance of 
converter transformer. Bc is the susceptance of the shunt capacitor. Xsys is the system reactance on the infinite bus 
side. 
2.2 STATCOM model 
The converter circuit of STATCOM usually has multi pulse and/or multilevel configuration. In this paper, a 
three level twelve pulse converter with type -1 controller is used for STATCOM. When energy storage device is 
connected at the DC bus of STATCOM, it is necessary to use type – 1 controller since both magnitude and phase 
angle of the converter output voltage must be varied to control real and reactive current. When harmonics are 
neglected and switching functions are approximated by their fundamental frequency components, STATCOM can 
be modeled by transforming three phase voltage and current components to D-Q using Kron’s transformation [3].  
In D-Q frame of reference, the converter output voltage is represented as 
ܸݏ
݅
 = ට ܸݏܦ݅
ʹ ൅ ܸݏܳ݅
ʹ
                                                                                                                                                      (1) 
where ܸݏܦ ݅ ܽ݊݀ ܸݏܳ݅  are the D and Q components of converter output voltage, described by 
ܸݏܦ
݅ ൌ ܭ݉ כ ܸ݀ ܿ כ ܵ݅݊ሺߠ ൅ ߙሻ                  (2) 
ܸݏܳ
݅ ൌ ܭ݉ כ  ܸ݀ ܿ כ ܥ݋ݏሺߠ ൅ ߙሻ                  (3) 
Where Km = K*cosߚ; K = ʹξ͸ߨ   for a 12 pulse converter and  ‘ߠ ‘is the angle of STATCOM bus voltage described by                 
ߠ ൌ  ݐܽ݊െͳሺݒݏܦݒݏܳሻ                    (4) 
Magnitude of STATCOM bus voltage is described by 
ܸݏ = ට ܸݏܦʹ ൅ ܸݏܳʹ                                                                                                                                                             (5) 
Equations describing STATCOM in D-Q variables are given by 
݀ܫݏܦ
݀ݐ  = 
െܴݏ߱ܤ
ܺݏ
ܫݏܦ െ ߱Ͳܫݏܳ ൅
߱ܤ
ܺݏ
 ሾ ܸݏܦ െ  ܸݏܦ݅ ሿ                               (6) 
  
݀ܫݏܳ
݀ݐ   = 
െܴݏ߱ܤ
ܺݏ
ܫݏܳ ൅߱Ͳܫݏܦ ൅
߱ܤ
ܺݏ
ሾ ܸݏܳ െ  ܸݏܳ݅ ሿ                (7) 
 
Real and reactive currents injected by STATCOM-ES in D –Q variables is given by 
ܲܫ ൌ  ܫݏܦ ܵ݅݊ߠ ൅ܫݏܳܥ݋ݏߠ                  (8) 
ܴܫ ൌ െܫݏܦ ܿ݋ݏߠ ൅ܫݏܳܵ݅݊ߠ                  (9)  
Here positive IP implies that STATCOM- ES draws real power and positive IR implies that STATCOM- ES injects 
inductive current. Expressions for real and reactive power of STATCOM are given by 
ܲݏ ൌ  ܫݏܦ כ  ܸݏܦ݅ ൅ ܫݏܳ כ  ܸݏܳ݅                 (10)          
ܳݏ ൌ  ܫݏܳ כ  ܸݏܦ݅ െ ܫݏܦ כ  ܸݏܳ݅                 (11)                
3. Controllers for STATCOM 
In the case of three level VSC and with Type 1 controller, real current of converter can be controlled by phase 
angle ԢߙԢ  and reactive current by regulating the magnitude of converter output voltage as a function of Ԣߚ ’. 
Schematic representation of Type 1 controller for STATCOM used in the present analysis is shown in Fig. 2. The 
reactive current of STATCOM can be maintained constant or can be regulated to maintain the magnitude of the bus 
voltage at the desired value. Since STATCOM incorporates energy storage device at the DC bus, real current 
reference is obtained by  the real power controller of STATCOM- ES . Positive values of Pref indicate STATCOM - 
ES drawing active power from the network and negative Pref indicates that STATCOM - ES is supplying real power 
to the network.  
199 H.V. Gururaja Rao et al. /  Procedia Technology  21 ( 2015 )  196 – 203 
E
D
6 6PID 6PI
D and E
calculator
Xs
VP(ord)
6 Xs
IR
6 PI
mdsT1
1
IRref
6
mdsT1
1
PI 6
Xs
IP
Pref
Pmeas
IPref
Vs
Vs
VR(ord)
Vsref
IRref
+


+
+

+ 

+
+
 
+
+
 
Fig. 2. Type -1 Controller for STATCOM 
 
Real voltage, VP(ord) and reactive voltage, VR(ord)are used to calculate ‘ࢻ’and ‘β’by using the following equations 
 
ߙ = tan-1൬ܸܴሺ݋ݎ݀ ሻܸܲሺ݋ݎ݀ ሻ൰                        (12) 
 
β = Cos-1ቌ
ටܸܲ ሺ݋ݎ݀ ሻʹ ൅ܸܴ ሺ݋ݎ݀ ሻʹ
݇כܸ݀ܿ
ቍ         (13) 
4. Emulated STATCOM admittance  
In order to evaluate the impedance/ admittance at the generator terminals, it is necessary to determine the emulated 
admittance by STATCOM under various operating conditions.The admittance function of STATCOM- ES [Ys], in 
D –Q frame of reference is given by  
 
ቈο݅ݏܦ
݅
ο݅ݏܳ݅
቉ ൌ ሾ ܻݏሿ ൤
οݒݏܦ
οݒݏܳ൨          (14) 
Where ሾ ܻݏሿ ൌ ൤
ܻݏܦܦ ܻݏܦܳ
ܻݏܳܦ ܻݏܳܳ
൨         (15) 
 
The emulated conductance (Gsh, real part of Ys(1ph)) and susceptance (Bsh, imaginary part of Ys(1ph)) by 
STATCOM- ES are determined using the admittance function of STATCOM - ES in single phase basis [3]. 
 
ܻܵ ሺͳ݌݄ሻ ൌ
ͳ
ʹ ൣ൛ ܻݏܦܦ൫݆ሺ߱ െ ߱Ͳሻ൯ ൅ ܻݏܳܳ൫݆ሺ߱ െ ߱Ͳሻ൯ൟ ൅ ݆൛ ܻݏܦܳ൫݆ሺ߱ െ ߱Ͳሻ൯ െ ܻݏܳܦ൫݆ሺ߱ െ ߱Ͳሻ൯ൟ൧  (16) 
5. Results and Discussion 
The mathematical model of the Single Machine connected to an infinite bus through series compensated line 
incorporating STATCOM - ES is modeled in Matlab/Simulink environment. Newton Raphson iterative method is 
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used to obtain the initial conditions for the transient analysis of the system. The Analysis is carried out based on the 
following initial operating condition and assumptions. 
x The power delivered by generator to the transmission system.is 0.9 p.u.  
x Classical model of generator is considered for the analysis. 
x The compensation level provided by the series capacitor is set at 0.6 p.u. 
x With energy storage device at the DC bus, Vdc can be maintained constant. Vdc is taken as 0.7pu in the 
present analysis and dynamics of DC bus voltage are not considered. 
x In order to effectively utilize the full rating of STATCOM in both inductive as well as capacitive range, a 
fixed shunt capacitor is also used at the STATCOM bus. The rating of STATCOM is selected as 150 
MVAR. At the operating point considered, the STATCOM supplies 99MVAR and the remaining reactive 
power is supplied by fixed capacitor to maintain bus voltage at 1.015 pu. 
 
5.1 With reactive current controller (STATCOM operating in capacitive mode) 
 
 
 
 
 
 
 
(a)                                                                                                              (b) 
Fig. 3.(a) Emulated conductance (b) Emulated Susceptance of STATCOM -ES ,for various values of Pref 
Fig. 3(a) and Fig.3(b) show the variation of emulated conductance and susceptance by STATCOM with frequency, 
when reactive current of STATCOM is maintained constant and with real power of STATCOM varied between  - 
0.1 pu and 0.1pu. It is interesting to note  from Fig.3(a)  that emulated conductance is positive when STATCOM – 
ES is supplying  real power and is negative when STATCOM – ES is absorbing  real power and comparitively less 
negative, when real power is zero. Positive Gshincreases the net resistance of the network and negative Gshdecreases  
the net resistance of the network . Increase in Bsh ( capacitive) increases the network inductive reactance. Bsh is 
more positive when STATCOM – ES draws real power ( Fig. 3(b)). Hence measured impedance by the distance 
relay can change with STATCOM –ES supplying or absorbing real power. 
 
5.2 With voltage controller (STATCOM operating in capacitive mode) 
Fig. 4(a) and Fig.4(b) show the emulated conductance and susceptance by STATCOM when magnitude of 
STATCOM bus voltage is maintained constant and with real power of STATCOM varied between - 0.1 pu and 
0.1pu. 
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a.  b.  
 
 
 
 
 
 
 
(a)                                                                                                            (b) 
Fig. 4.(a) Emulated conductance  (b) Emulated Susceptance of STATCOM -ES ,for various values of Pref 
Fig.4(a) and 4(b) clearly indicate that magnitude of emulated conductance and susceptance are  more positive than 
that in the case of reactive current controller. This increases the network resistance and inductive reactance. 
5.3 Impedance and admittance at generator terminals 
Various types of distance relays like impedance, reactance, mho etc. measure impedance, admittance or a 
component of impedance/ admittance. All distance relays are under relays; i.e. they operate when the measured 
impedance or admittance is less than the set impedance or admittance. In order to analyse the effect of STATCOM-
ES on theoperation of line protection relay, it is necessary to evaluate the admittance and impedance at the generator 
terminals. Since distance relays are designed to operate based on fundamental frequency component of impedance 
or admittance, impedance and admittance at the generator terminals is evaluated at fundamental frequency of 
377Hz.  Impedance at the generator terminals is evaluated using the following equations (17 – 21) (for the electrical 
system shown in Fig.1) 
 
ܻܥ ൌ ݆ܤܥ                   (17) 
ܼʹ ൌ ܴʹ ൅ ݆ሺܺʹ ൅  ܵܺݕݏ ሻ ; ܻʹ ൌ
ͳ
ܼʹ
               (18) 
ܻܴ ൌ  ܻܥ ൅ ܻܴ ൅ ܻݏሺͳ݌݄ሻ ; ܼܴ ൌ
ͳ
ܻܴ
               (19) 
ܼܮ ൌ ሺܴݐ ൅ܴͳሻ൅ ݆ሺ ܺݐ ൅ ͳܺ െ ܺܥ ሻ(20) 
 
Impedance and admittance seen by the relay at generator terminals;   ܼܩ ൌܼܴ ൅ܼܮ; ܻܩ ൌ
ͳ
ܼܩ
(21) 
5.3.1 Without STATCOM 
Considering real and reactive power of STATCOM as zero, impedance and admittance at generator terminals 
were found to be (0.020581 + 0.61823i) pu and (0.053787- 1.6157i) pu respectively. 
5.3.2 With STATCOM operating in capacitive mode (Qs = - 0.11094pu) 
Table. 1 shows the impedance and admittance at generator terminals when reactive power of STATCOM is 
maintained constant in capacitive mode and real power of STATCOM is varied.  
From emulated conductance and susceptance plots(Fig. 3(a) & (b) and Fig. 4(a) and (b), it was expected that 
network resistance should increase when STATCOM – ES supplies power and network inductive reactance should 
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increase when STATCOM – ES absorbs real power. Table.1 clearly validates this.  
Table 1.Admittance and Impedance at the generator bus (at fundamental  frequency( 60Hz.)) 
 
Controller Pref = 0 Pref = 0.1 Pref = - 0.1 
Admittance Impedance Admittance Impedance Admittance Impedance 
Reactive current 
controller 
0.05587 -     
1.6048i 
0.021667 +    
0.62236i 
0.042188 -     
1.6063i 
0.01634 +    
0.62214i 
0.068841 -      
1.605i 
0.026676 +    
0.62192i 
Voltage Controller 0.053855 -     
1.5936i 
0.021182 +    
0.62678i 
0.039676 -     
1.5951i 
0.015583 +    
0.62652i 
0.067307 -     
1.5937i 
0.026452 +    
0.62634i 
5.3.3 With STATCOM operating in inductive mode (Qs = 0.11094pu) 
Table. 2 shows the impedance and admittance at generator terminals when  reactive power of STATCOM  is 
maintained constant in inductive mode and real power of STATCOM is varied.  Bsh will be negative in inductive 
mode of operation and hence it can be observed that net inductive reactance is reduced for all cases, when compared 
with no STATCOM or STATCOM_ES in capacitive mode of operation. 
Table 2.Admittance and Impedance at the generator bus (at fundamental frequency (60Hz.)) 
5.3.4 With STATCOM exchanging real power alone (Qs =0) 
Table 3.Admittance and Impedance at the generator bus (at fundamental frequency (60Hz.)) 
 
Controller Pref = 0 Pref = 0.1 Pref = - 0.1 
Admittance Impedance Admittance Impedance Admittance Impedance 
Reactive current 
controller 
0.053787 -     
1.6157i  
0.020581 +    
0.61823i 
0.040549 -     
1.6172i 
0.015494  +    
0.61795i  
0.051405 -     
1.6272i 
0.025356 +    
0.61786i 
Voltage Controller 0.051728 -     
1.6053i 
0.020052 +    
0.62228i 
0.038056 -     
1.6069i 
0.01473 +    
0.62196i 
0.064668 -     
1.6053i 
0.025053 +    
0.62192i 
 
It can be observed from Table 3 that net inductive reactance remains almost the same since there is no reactive 
power exchange. However net resistance changes with change in real power exchange. 
In order to validate the result, impedance at the generator terminals was first evaluated in D- Q using the 
procedure described in section 5.3. Single phase equivalent was then calculated using a similar relation used to 
calculate Ys(1ph) ( equation (18)). With Qs =0 and Pref = 0.1, impedance value was found to be of (0.015459 + 
0.61793i) pu which is almost same as that shown in table 3 ( 0.015459 + 0.61795i). 
From the analysis carried out, following observations can be made 
x Impedance and admittance at the generator terminals vary while STATCOM – ES supplies/ absorbs real 
and reactive power with either Reactive current or Voltage Control(When compared with impedance and 
admittance without STATCOM – ES). 
x Operation of all types of distance relay will thus be affected and setting of the relay will depend on the 
operating condition of STATCOM - ES. 
Controller Pref = 0 Pref = 0.1 Pref = - 0.1 
Admittance Impedance Admittance Impedance Admittance Impedance 
Reactive current 
controller 
0.051405 -     
1.6272i 
0.019394 +    
0.61393i 
0.03867 -     
1.6289i 
0.014567 +    
0.61358i 
0.063419 -     
1.6272i 
0.023916 +    
0.61363i 
Voltage Controller 0.049296 -     
1.6177i 
0.01882 +     
0.6176i 
0.036197 -     
1.6194i 
0.013796 +    
0.61721i 
0.061662 -     
1.6175i 
0.023533 +    
0.61732i 
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x Simulation and analysis of the system with different types of faults at various locations is necessary to 
decide a suitable setting for the distance relay. 
6. Conclusion 
In this paper analysis and simulation of a series compensated system with STATCOM - ES at the electrical 
center of the line is presented. Details of   D – Q model of the series compensated system with STATCOM - ES is 
discussed. Effect of active and reactive power exchange by SSSC- ES with the connected AC network is analyzed. It 
is shown that emulated conductance and susceptance by STATCOM will change appreciably when STATCOM –ES 
exchanges real and reactive power with the connected network. Impedance and admittance values calculated at the 
generator terminals clearly indicate that the operation of all types of distance protection relay will be seriously 
affected with STATCOM – ES incorporated in the system. Hence adaptive distance protection relay with different 
relay settings for various operating conditions of STATCOM – ES is required to be employed in order to prevent 
mal operation of the relay. 
 
Appendix 
 
System Data: 
The electromechanical system considered is adapted from IEEE FBM. Classical model of generator is used for the 
analysis. All data are in p.u. 
Transformer and line data: 
Rt=0.0; Rl=0.02; Xt=0.14; Xl=1; Xc=0.6;Xsys=0.06; Vg = 1סɅ; Eb =1 סͲ;  
Shunt capacitor data: Bc = 0.25213; STATCOM data on its own base (150MVA, 400KV): Rstat = 0.01; Xstat = 
0.15; Vdc = 0.7 
Reactive current Controller: Kp = 0.175; Ki = 3.5; Active current controller: Kp = 0.175; Ki = 3.5 
Power Controller: Kp = -15.715; Ki = -229.277; Kd = -0.027653 
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